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The transmission of highly pathogenic avian influenza H5N1 virus to Southeast Asian countries triggered
the first major outbreak and transmission wave in late 2003, accelerating the pandemic threat to the world. Due
to the lack of influenza surveillance prior to these outbreaks, the genetic diversity and the transmission
pathways of H5N1 viruses from this period remain undefined. To determine the possible source of the wave 1
H5N1 viruses, we recently conducted further sequencing and analysis of samples collected in live-poultry
markets from Guangdong, Hunan, and Yunnan in southern China from 2001 to 2004. Phylogenetic analysis of
the hemagglutinin and neuraminidase genes of 73 H5N1 isolates from this period revealed a greater genetic
diversity in southern China than previously reported. Moreover, results show that eight viruses isolated from
Yunnan in 2002 and 2003 were most closely related to the clade 1 virus sublineage from Vietnam, Thailand, and
Malaysia, while two viruses from Hunan in 2002 and 2003 were most closely related to viruses from Indonesia
(clade 2.1). Further phylogenetic analyses of the six internal genes showed that all 10 of those viruses
maintained similar phylogenetic relationships as the surface genes. The 10 progenitor viruses were genotype
Z and shared high similarity (>99%) with their corresponding descendant viruses in most gene segments.
These results suggest a direct transmission link for H5N1 viruses between Yunnan and Vietnam and also
between Hunan and Indonesia during 2002 and 2003. Poultry trade may be responsible for virus introduction
to Vietnam, while the transmission route from Hunan to Indonesia remains unclear.

It has been 10 years since the first avian-to-human transmis-
sion of influenza virus was confirmed in Hong Kong (30). In
the past decade, the “bird flu” caused by highly pathogenic
avian influenza (HPAI) H5N1 virus has developed from an
endemic disease in China to a panzootic disease affecting 60
countries across Asia, Europe, and Africa (11). The precursor
virus of all of these H5N1 viruses, A/goose/Guangdong/1/1996
(Gs/GD), initially became established in domestic geese in
southern China from 1996 to 1999 (36, 39). Since the first
detection of Gs/GD-like viruses in ducks in 2000, H5N1 viruses
underwent extensive genetic reassortment, wherein many dif-
ferent reassortants, or genotypes, were generated (12, 13, 22).
Many of these genotypes were first recognized during the sec-
ond and third major HPAI H5N1 outbreaks in Hong Kong
live-poultry markets from 2001 to 2002 (10, 13). During the
same period, some of these reassortants were also detected
from poultry or poultry products in Korea and Japan (21, 23).

One of these novel reassortants (genotype Z) became dom-
inant in southern China since early 2002 (5, 22) and was sub-
sequently transmitted to neighboring countries in East and
Southeast Asia in 2003 and 2004 (22). These H5N1 genotype Z

viruses caused extensive outbreaks in poultry and were repeat-
edly introduced into humans, eventually becoming endemic in
poultry in Vietnam and Indonesia (27). The persistent intro-
duction of H5N1 virus into humans raises the possibility that it
emerges as a human pandemic strain, either as a purely avian
virus adapting to human-to-human transmission or through
reassortment with current human influenza virus strains (32,
35). Although surveillance in market poultry was strengthened
after outbreaks in these regions, the source and virus dissem-
ination pathway in Southeast Asia remains uncertain due to
the lack of convincing information prior to this spread.

The second major transmission wave of those HPAI H5N1
viruses occurred in 2005 after a major outbreak in migratory
waterfowl at Qinghai Lake in northern China (2, 9). Systematic
influenza surveillance in southern China provided sufficient
information to understand the evolutionary pathway of these
Qinghai-like viruses (clade 2.2) and to predict the development
of this lineage (4, 5, 22). Similarly, the evolutionary pathway of
the currently dominant H5N1 variant (clade 2.3.4 or Fujian-
like) was also detected as early as March 2005 (26). These
incidents highlight the importance of long-term surveillance to
understand the development of H5N1 influenza viruses.

The lack of sufficient information prior to the outbreak of
2003 has led to controversy regarding the wave 1 transmission
pathway in Southeast Asia. Previously, analysis based on the
available sequence data concluded that all of the H5N1 viruses
detected in Southeast Asia had originated from either Guang-
dong or Hong Kong (22, 27, 34). To clarify this question and
further understand the genesis and evolutionary pathway of
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H5N1 viruses, we characterized 73 H5N1 influenza viruses
isolated from our surveillance program in southern China from
January 2001 to February 2004. During that period H5N1
viruses evolved rapidly and were genetically diversified; how-
ever, antigenic and genetic analyses clearly show that transmis-
sion of H5N1 viruses between Yunnan and Vietnam and also
between Hunan and Indonesia in 2002 and 2003 initiated the
wave 1 outbreaks. The phylogenetic relationships between the
viruses from southern China and Southeast Asia, along with

their geographic distribution, suggest that poultry trade may be
responsible for virus introduction into Vietnam, while the
transmission route from Hunan to Indonesia could be either
via migratory birds or poultry movement. The present study
also revealed that extensive genetic reassortment not only re-
sulted in increased genetic diversity of those HPAI H5N1
viruses but also caused subsequent outbreaks that directly led
to the dissemination of these viruses both within China and to
neighboring countries.

TABLE 1. H5N1 viruses isolated from poultry in southern Chinaa

Sampling yr Positive sampling site(s) Positive
sampling mo Representative virus

No. of virus isolates sequenced/no. of H5N1
isolates

ST HN YN

2001 ST Jan Dk/ST/195/01 1/1
Feb Dk/ST/1101/01 2/4
Mar Dk/ST/1437/01 1/1
May Dk/ST/1930/01 1/1
Jun Ck/ST/2535/01 1/1
Oct Dk/ST/4407/01 2/15
Nov Dk/ST/4912/01 3/7
Dec Ck/ST/5738/01 4/17

2002 ST Jan Gs/ST/157/02 5/18
Feb Dk/ST/700/02 2/2
Mar Pa/ST/1075/02 1/1
Aug Qa/ST/3054/02 2/5

ST, HN Oct Qa/ST/3846/02 2/6 1/1
Ck/HN/23/02

ST, HN, YN Nov WDk/ST/4124/02 3/4 1/16 1/8
Dk/HN/795/02
Dk/YN/862/02

ST, HN, YN Dec Ph/ST/4567/02 1/1 1/20 1/7
Dk/HN/1340/02
Dk/YN/971/02

2003 ST, HN, YN Jan Ph/ST/40/03 2/4 3/74 2/20
Dk/HN/300/03
Dk/YN/119/03

ST, HN, YN Feb SCk/ST/540/03 2/3 1/13 4/39
Dk/HN/782/03
Ck/YN/1252/03

YN Mar Dk/YN/215/03 1/16
YN Apr Dk/YN/1628/03 1/2
YN Jul Dk/YN/4072/03 1/1
ST, YN Aug Pa/ST/2886/03 1/1 1/2

Dk/YN/4645/03
YN Sept Dk/YN/5090/03 2/5
ST, YN Oct Ph/ST/3535/03 1/1 3/34

Ck/YN/5686/03
ST, HN, YN Nov Ck/ST/3744/03 2/4 2/21 2/5

Dk/HN/5410/03
Ck/YN/6255/03

ST, YN Dec Cu/ST/4690/03 3/3 4/29
Dk/YN/6603/03

2004 ST, HN, YN Jan SCk/ST/475/04 2/3 2/122 5/65
Dk/HN/101/04
Ck/YN/207/04

ST, HN, YN Feb Pa/ST/1207/04 1/4 2/13 2/9
Dk/HN/533/04
Dk/YN/522/04

Totalb 45/107 13/280 30/242

a Abbreviations: Ck, chicken; Cu, chukkar; Dk, duck; Gs, goose; HN, Hunan; Pa, partridge; Ph, pheasant; SCk, silky chicken; Qa, quail; ST, Shantou; WDk, wild duck;
YN, Yunnan.

b The total for the ST, HN, and YN columns combined is 88/629 (13.99%).
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MATERIALS AND METHODS

Surveillance and viruses studied. Influenza surveillance in live-poultry mar-
kets has been conducted in Shantou, Guangdong Province, since July 2000. In
October 2002, our surveillance was extended to the Hunan and Yunnan prov-
inces. Tracheal, cloacal, or fecal swabs were sampled in three major types of
poultry (chicken, duck, and goose) and also in different types of minor poultry in
those markets. Sampling and virus isolation were carried out at 10-day intervals.
Virus isolation and identification have been described in our previous reports
(15).

Antigenic analysis. Virus isolates were subtyped by standard hemagglutination
inhibition (HI) tests using a panel of the World Health Organization reference
antisera, while the antigenic characteristics of the H5N1 influenza viruses were
compared by an HI assay with five ferret polyclonal antisera and five monoclonal
antibodies (MAbs) as previously described (15). The MAbs 3C8, 1F1B8, 10DD2,
and 14D4 to the hemagglutinin (HA) of Ck/HK/YU22/02 were produced in our
laboratories, and MAb CP176/26 to the HA of Ck/Pennsylvania/1/83 and the five
ferret antisera were produced by the Department of Infectious Diseases at St.
Jude Children’s Research Hospital, Memphis, TN. The HI assay started at 1:40
dilutions for ferret antisera and at 1:100 dilutions for all MAbs.

To visualize similarity between the antigenic reaction patterns of different
viruses, numerical analysis of HI titers was conducted by using PRIMER version
5.2.9 (PRIMER-E, Plymouth, United Kingdom). Titers in the HI assay below the
detection level and greater than 12,800 for MAbs were converted to 0 and 25,600
in this analysis, respectively. The data were standardized and square-root trans-
formed, and the Bray-Curtis coefficient (3) was used to construct a similarity
matrix. Hierarchical agglomerative clustering with group average linking (28)
was conducted, and a dendrogram was produced. Nonmetric multidimensional
scaling (19) was also used to produce two- and three-dimensional ordinations
over 100 iterations. The two-dimensional configuration with lowest overall stress
is presented.

Phylogenetic and molecular analysis. To identify the possible source and
understand the evolutionary pathway of the established HPAI H5N1 influenza
virus in this region, 73 representative H5N1 strains isolated from our surveillance
program from January 2001 to February 2004, together with all publicly available
sequence data, were phylogenetically analyzed. Virus isolates were selected to

represent each of the sampling sites at different positive sampling occasions
(Table 1).

Viral RNA extraction, cDNA synthesis, PCR and sequencing were carried out
as described previously (38). All sequences were assembled and edited with
Lasergene 6.0 (DNASTAR, Madison, WI). BioEdit 7 was used for alignment and
residue analysis (17). The program MrModeltest 2.2 was used to determine the
appropriate DNA substitution model and rate heterogeneity (24). The generated
model was used in all subsequent analyses. Neighbor-joining trees were con-
structed by using PAUP* 4.0 (31), and Bayesian analysis was conducted with
MrBayes 3.1 (18) using two replicates of 1 million generations with six chains,
sampling every 100 generations. Estimates of the phylogenies were calculated by
performing 1,000 neighbor-joining bootstrap replicates, and Bayesian posterior
probabilities were calculated from the consensus of 18,000 trees after exclusion
of the first 2,000 trees as burnin. All eight genes were sequenced for each virus
isolate.

Sequence similarity. To confirm the interrelationship of viruses isolated in
southern China in 2002 and 2003 and viruses that were isolated in Southeast Asia
during 2003, the similarity of each gene segment was determined using MEGA
4.0 (20). To calculate their similarity (p distances), full-length amino acid align-
ments of each gene segments were used.

Nucleotide sequence accession numbers. The nucleotide sequences obtained
in the present study are available from GenBank under accession numbers
CY028924 to CY029507.

RESULTS

Epidemiology. No H5N1 influenza virus was detected among
2,336 samples in Shantou, Guangdong during the first year of
surveillance (July to December 2000). However, HPAI H5N1
viruses were isolated from both aquatic and terrestrial poultry
in 8 months of 2001 and 7 months of 2002 (Table 1). H5N1
influenza viruses were detected from the first month (October
2002) of sampling in Hunan and the second month in Yunnan

TABLE 2. HI titers from antigenic analyses of influenza A H5N1 virusesa

Virus Antigenic
groupsb

Titer of MAb to:
Titer of ferret antiserum to:

Ck/Penn/1/83
(CP176/26)

Ck/HK/YU22/02

3C8 1F1B8 10DD2 14D4 HK/213/03 Dk/HN/101/04 BHG/QH/68/05 Ck/IDN/5/04 VNM/1203/04

Ck/Penn/1/83 I �12,800 �12,800 �12,800 800 �12,800 80 40 640 320 160
Ck/HK/YU22/02 II 200 6,400 �12,800 �12,800 �12,800 40 80 320 640 80
HK/213/03 II 400 �12,800 �12,800 �12,800 �12,800 2,560 640 2,560 2,560 2,560
Dk/HN/101/04 III �12,800 �12,800 �12,800 �12,800 � 160 160 1,280 1,280 160
BHG/QH/68/05 III �12,800 �12,800 6,400 �12,800 � 80 80 640 640 40
Ck/IDN/5/04 IV 400 �12,800 �12,800 �12,800 � 80 160 1,280 1,280 160
VNM/1203/04 V � �12,800 � � 800 40 � 80 160 320

Dk/ST/195/01 I 800 �12,800 �12,800 � �12,800 160 80 640 80 160
Ck/ST/28/02 800 6,400 �12,800 � �12,800 160 160 640 320 640
Dk/HK/2986.1/99 II 1,600 �12,800 �12,800 �12,800 �12,800 320 320 1,280 640 640
Dk/ST/1101/01 800 �12,800 �12,800 �12,800 �12,800 160 320 1,280 640 320
Dk/YN/971/02 200 �12,800 �12,800 �12,800 �12,800 160 160 640 640 320
MDk/JX/2295/05 III 6,400 3,200 6,400 �12,800 � 40 40 320 320 40
BHG/QH/15C/05 �12,800 �12,800 �12,800 �12,800 100 160 160 1,280 640 80
Ck/HN/23/02 IV 400 �12,800 �12,800 �12,800 � 320 320 1,280 1,280 320
Dk/HN/795/02 400 �12,800 �12,800 �12,800 � 160 320 2,560 1,280 320
Ck/IDN/BL/03 400 6,400 �12,800 �12,800 � 80 160 640 640 160
Dk/YN/6255/03 400 �12,800 �12,800 �12,800 � � 80 640 640 40
GH/HK/793.1/02 V � �12,800 800 � 1,600 320 160 1,280 1,280 640
Dk/HN/1386/03 � �12,800 � � 200 160 80 640 640 640
Ck/YN/1251/03 � 3,200 � � 800 40 � 40 160 320
Ck/YN/1083/03 � 6,400 � � 800 160 80 320 160 320
Ck/VNM/27/03 � 6,400 � � 800 40 40 80 160 320
Ck/VNM/133/04 � 6,400 � � 800 40 � 40 160 320
VNM/1194/04 � 1,600 � � 400 � � � 80 80
Dk/FJ/1734/05 VI �12,800 � 1,600 � 100 � � 40 640 �
Dk/Laos/3295/06 �12,800 � 1,600 � 200 � 40 80 640 40
Munia/HK/2454/06 �12,800 � 3,200 � 100 � 40 160 640 40

a Abbreviations: BHG, bar-headed goose; Ck, chicken; Dk, duck; FJ, Fujian; GH, gray heron; HK, Hong Kong; HN, Hunan; IDN, Indonesia; JX, Jiangxi; MDk,
migratory duck; Penn, Pennsylvania; QH, Qinghai; ST, Shantou; VNM, Vietnam; YN, Yunnan. �, HI titers are lower than 40 for antisera and lower than 100 for MAbs.

b Antigenic groups are based on Fig. 1.
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(November 2002). In 2003, H5N1 influenza viruses could be
isolated in all months except for May and June, and the num-
ber of viruses isolated increased during the winter months
(Table 1). These findings suggest that H5N1 influenza viruses
were broadly prevalent in southern China as early as 2002.

Antigenic analysis. Antigenic analysis of representative
strains with MAbs and ferret antisera against reference H5
viruses demonstrated a diversity of reaction patterns (Table 2).
In all, six antigenic patterns or groups were recognized for the
viruses characterized in the present study (Table 2 and Fig. 1).
The antigenic reaction pattern of two viruses isolated from
Shantou in 2001 and 2002 (Dk/ST/195/01 and Ck/ST/28/02)
were similar to Ck/Pennsylvania/1/83 (antigenic group I), as

noted in our previous study (8) that indicates establishment
from early aquatic H5 subtype virus. Two viruses (Dk/ST/1101/01
and Dk/YN/971/02) were similar to those viruses isolated from
Hong Kong from 2002 and 2003 (antigenic group II). Interest-
ingly, two representative viruses isolated from Hunan (Ck/HN/
23/02 and Dk/HN/795/02) had reaction patterns similar to those
of early Indonesian viruses (e.g., Ck/IDN/BL/03) (antigenic group
IV), while two representative viruses from Yunnan (Ck/YN/
1083/03 and Ck/YN/1251/03) had reaction patterns similar to
those of clade 1 viruses isolated from Vietnam (e.g., Ck/VNM/
27/03) (antigenic group V). The close relationships between the
viruses from southern China and Southeast Asia were confirmed
in the phylogenetic analyses (see below).

FIG. 1. Numerical analysis of HI titers (see Table 2) by nonmetric multidimensional ordination in two dimensions (A) and using hierarchical
agglomerative clustering (B). Each antigenic group (circled) has been labeled on the cluster (see also Table 2).
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FIG. 2. Phylogenetic relationships of the HA (A) and NA (B) genes of representative influenza A viruses. The numbers above and below the
branch nodes indicate neighbor-joining bootstrap values of �50% and Bayesian posterior probabilities of �95, respectively. Analyses were based
on nucleotides 22 to 1,032 of the HA gene and nucleotides 1 to 1,090 of the NA gene. The HA and NA gene trees were rooted to duck/Hokkaido/
51/96 and chicken/Scotland/59, respectively. Colors indicate viruses isolated from southern China (blue), Vietnam (red), and Indonesia (red). Scale
bar, 0.01 nucleotide substitutions per site. Abbreviations: BHGs, bar-headed goose; BHgull, brown-headed gull; Ck, chicken; Cu, chukkar; Dk,
duck; FJ, Fujian; Gf, Guinea fowl; Gs, goose; GD, Guangdong; GX, Guangxi; GY, Guiyang; HK, Hong Kong; HN, Hunan; IDN, Indonesia; JX,
Jiangxi; Mall, mallard; MDk, migratory duck; MYS, Malaysia; NGA, Nigeria; Pa, partridge; Ph, pheasant; Qa, quail; QH, Qinghai; SCk, silky
chicken; ST, Shantou; THA, Thailand; VNM, Vietnam; WDk, wild duck; YN, Yunnan.
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Pa/ST/2886/03
Dk/HK/Y280/97 (H9N2)
Qa/HK/G1/97 (H9N2)
HK/156/97

Ck/HK/37.4/02
Dk/ST/1042/00 (H9N2)
Ck/ST/9/02

Dk/ST/1101/01 Dk/HK/Y439/97 (H9N2)
Gs/GD/1/96

Dk/ST/195/01
SCk/HK/SF189/01

Env/HK/437.10/99
Gs/HK/ww26/00

Gs/ST/5456/01
SCk/HK/YU100/02
Gf/HK/38/02

Ck/HK/31.2/02
Dk/ST/193/02

Dk/ST/4003/03
Dk/ST/4610/2003
Dk/HK/2986.1/00

Ck/HK/YU562/01
Dk/ST/1437/01

Dk/ST/1930/01
Ck/HK/WF157/03

Cu/ST/4690/03
Ck/ST/810/05

MDk/JX/1701/05
BHGs/QH/15/05
BHgull/QH/2/05

Ck/HN/999/05
Ck/HK/86.3/02

Ck/HK/61.9/02
Dk/HN/533/04

Dk/HN/5806/03
Dk/HN/733/04
MDk/JX/2295/05

Ck/ST/4231/03
Ck/ST/3744/03
Ck/Yamaguchi/7/04
Ck/Korea/ES/03

teal/China/2978.1/02
Qa/ST/3846/02

Dk/VNM/568/05
Gs/GX/345/05

Gs/GX/1097/04
Dk/HN/300/03
Ck/HK/YU777/02

Dk/YN/4072/03
Dk/YN/522/04
Dk/YN/6445/03
Ck/YN/374/04

Dk/GX/380/04
Ph/ST/44/04

SCk/ST/475/04
Ck/HN/23/02
Dk/HN/795/02
Dk/HN/782/03
Ck/HK/YU324/03
Ck/IDN/5/04
Ck/IDN/PA/03

Ck/IDN/BL/03
Dk/HN/1386/03
HK/212/03

Ck/ST/4059/02
Dk/YN/215/03
Dk/YN/119/03
VNM/1194/04

Ck/VNM/27/03
Ck/MYS/5858/04

Ck/THA/1/04
Feral pigeon/HK/862.7/02
Ck/HK/FY157/03
Grey heron/HK/793.1/02

Grey heron/HK/861.1/02
WDk/ST/4124/02
Ph/ST/40/03
Ck/HK/3169.1/02

Qa/ST/3071/02

E (M)Dk/ST/1588/00 (H9N1)
Dk/ST/1101/01
Ck/ST/9/02

Dk/ST/1796/00 (H9N2)
Pa/ST/2886/03

Dk/ST/1437/01
Dk/ST/1930/01

Ck/HK/31.4/02
SCk/HK/SF189/01
Ck/HK/YU562/01

Gs/GD/1/96
Dk/ST/195/01

Env/HK/437.10/99
Dk/HK/2986.1/00
Gs/HK/ww26/00

Ck/HK/FY77/01
Dk/ST/193/02

Dk/HK/Y439/97 (H9N2)
teal/China/2978.1/02

Qa/ST/3846/02
Gs/GX/1097/04

Ck/HK/715.5/01
SCk/HK/YU100/02

Gs/ST/5456/01
Ck/HK/37.4/02

GF/HK/38/02
Ck/HK/31.2/02

Ck/HK/WF157/03
Cu/ST/4690/03
Dk/ST/4003/03
Dk/ST/4610/2003

Ck/ST/810/05
MDk/JX/1701/2005

Ck/HK/61.9/02
Ck/HK/86.3/02
WDk/ST/4124/02

Ck/ST/4059/02
Dk/HN/1386/03

HK/212/03
Ph/ST/40/03

Ck/HK/96.1/02
Grey heron/HK/861.1/02
Grey heron/HK/793.1/02

Ck/HK/FY157/03
Feral pigeon/HK/862.7/02
Tree sparrow/HK/864/02

Qa/ST/3071/02
Dk/HN/300/03

Dk/YN/119/03
Dk/YN/215/03

Ck/MYS/5858/04
Ck/VNM/27/03

Ck/THA/1/04
VNM/1194/04

Ck/HK/YU777/02
MDk/JX/2295/2005

BHgull/QH/2/05
BHGs/QH/15/05

Ck/ST/4231/03
Ck/ST/3744/03
Ck/Yamaguchi/7/04
Ck/Korea/ES/03

Ck/HN/23/02
Dk/YN/4072/03
Dk/YN/6445/03
Ck/YN/374/04
Dk/YN/522/04
CK/HK/YU324/03
Ck/IDN/PA/03
Ck/IDN/BL/03
Ck/IDN/5/04

Dk/HN/782/03
DK/HN/795/02

Dk/VNM/568/05
Gs/GX/345/05

Ph/ST/44/04
Dk/GX/380/04
SCk/ST/475/04

Dk/HN/5806/03
Dk/HN/733/04
Ck/HN/999/05

Dk/HN/533/04

D (NP)
Dk/ST/1588/00 (H9N1)

Dk/ST/195/01
Env/HK/437.10/99

Gs/GD/1/96
Gs/HK/ww26/00

Dk/ST/1101/01
Dk/HK/Y439/97 (H9N2)

CK/ST/9/02
Ck/HK/37.4/02
Gs/ST/5456/01
GF/HK/38/02
Ck/HK/31.2/02

SCk/HK/YU100/02
Dk/ST/1930/01

Dk/ST/193/02
Dk/ST/4003/03
Dk/ST/4610/03
Qa/ST/3846/02
teal/China/2978.1/02

Dk/VNM/568/05
Gs/GX/345/05

Gs/GX/1097/04
Ck/HK/FY150/01

Ck/HK/FY77/01
Ck/HK/715.5/01
SCk/HK/SF189/01

Ck/HK/YU562/01
Dk/HK/2986.1/00
Ck/HK/31.4/02
Dk/ST/1437/01
Pa/ST/2886/03

Ck/Yamaguchi/7/04
Ck/Korea/ES/03

MDk/JX/2295/05
Ck/ST/4231/03
Ck/ST/3744/03

Dk/YN/4072/03
Dk/YN/522/04
Dk/YN/6445/03
Ck/YN/374/04

Dk/HN/795/02
Ck/HN/23/02
Ck/HK/YU324/03

Dk/HN/782/03
Ck/IDN/PA/03
Ck/IDN/BL/03
Ck/IDN/5/04

Dk/HN/533/04
Dk/HN/733/04
Dk/HN/5806/03

Ck/HN/999/05
Ck/HK/61.9/02
Ck/HK/86.3/02
Ck/HK/YU777/02
Ck/HK/96.1/02

Cu/ST/4690/03
Ck/HK/WF157/03
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Ck/ST/4059/02
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Gs/HK/ww26/00
SCk/HK/SF189/01

Dk/ST/195/01
Dk/ST/1588/00 (H9N1)

MDK/JX/2295/05
Ck/ST/4231/03

Ck/ST/3744/03
Ck/Yamaguchi/7/04
Ck/Korea/ES/03

Pa/ST/2886/03
Dk/HK/Y439/97 (H9N2)

Dk/ST/4808/00 (H9N2)
Dk/ST/4003/03
Dk/ST/4610/03

SCk/HK/YU100/02
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Dk/ST/1437/01
Dk/ST/1930/01
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Dk/YN/119/03
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VNM/1194/04

Ck/MYS/5858/04
Ck/THA/1/04
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BHGs/QH/15/05
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FIG. 3. Phylogenetic relationships of the PB2 (A), PB1 (B), PA (C), NP (D), M (E), and NS (F) genes of representative influenza A viruses.
The numbers above and below the branch nodes indicate neighbor-joining bootstrap values of �50% and Bayesian posterior probabilities of �95,
respectively. Analyses were based on nucleotides 986 to 2288, 1 to 1480, 1404 to 2151, 1 to 990, 1 to 998, and 1 to 842, respectively. All gene trees
were rooted to A/equine/Prague/1/56 except PB1 and PA, which were midpoint rooted. Colors indicate viruses isolated from southern China (blue),
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Phylogenetic analysis of the surface genes. Phylogenetic
analysis of the H5 HA gene showed that the Gs/GD-like vi-
ruses were highly diverse from 2001 to 2003 (Fig. 2A). One
virus isolated from 2001 in Shantou, Guangdong (Dk/ST/195/
01) fell at the base of the tree close to Gs/GD-like virus, while
the remaining H5N1 viruses isolated in 2001 fell in multiple
lineages that were most closely related to viruses isolated from
poultry outbreaks in Hong Kong during that period. The vi-
ruses isolated in 2002 and 2003 from Guangdong, Hunan, and
Yunnan showed increased genetic diversity, and even viruses
isolated during the same period and from the same sampling
site clustered into different sublineages, e.g., Ck/ST/3744/03
and Ph/ST/3535/03 (Fig. 2A).

Interestingly, eight viruses isolated from Yunnan in 2002
and 2003 (represented by Ck/YN/1215/02) fell as the pro-
genitor to clade 1 viruses (Fig. 2A). Also, two viruses iso-
lated from Hunan in 2002/2003 (represented by Dk/HN/795/
02) were most closely related to clade 2.1 Indonesian
viruses. Furthermore, two viruses isolated from Hunan and
15 viruses isolated from Yunnan during 2003 and 2004
formed monophyletic clades with previously described vi-
ruses from Hunan (clade 2.3.1) and Yunnan (clade 2.4),
respectively (5), revealing a regionally dominant group of
viruses in these provinces. These phylogenetic relationships
show that during 2002 and 2003 the genetic diversity of
H5N1 viruses in southern China increased dramatically and
directly resulted in the subsequent establishment of these
diverse sublineages in different regions.

Phylogenetic analysis of neuraminidase (NA) gene revealed
two major lineages derived from the Gs/GD-like NA (Fig. 2B).
The first lineage included 11 viruses detected in Shantou
(Guangdong) in 2001 and 2002 and that did not have a deletion
in the stalk region of the NA. It is noteworthy that the NA gene
of Dk/ST/195/01 has the same 20-amino-acid (aa) deletion in
its NA stalk region that is seen in all H5N1 genotype Z viruses.
The majority of the viruses from the present study belonged to
a second lineage in which the viruses had a 20-aa deletion in
the NA stalk and were isolated in different regions since 2001
(Fig. 2B). The close phylogenetic relationship between viruses
from Hunan (e.g., Dk/HN/795/02) and Indonesia and between
viruses from Yunnan (e.g., Ck/YN/1215/02) and Vietnam were
maintained for the NA gene (Fig. 2B).

Phylogenetic analyses of the internal genes. Phylogenetic
relationships of the internal genes of representative viruses
indicated that frequent reassortment between cocirculating vi-
ruses had resulted in a number of novel genotypes being de-
tected in poultry from 2001 to 2003 (Fig. 3). The majority of
the novel genotypes were detected in Shantou (Guangdong)
live-poultry markets and clustered with other influenza subtype
viruses (H9N1 and H9N2), confirming the frequent reassort-
ment of cocirculating viruses, as detected in our previous stud-
ies of other subtypes (7, 12, 14, 15, 38). All internal genes of
Dk/ST/195/01 consistently grouped with Gs/GD/1/96, provid-
ing the first record of a Gs/GD-like virus with the 20-aa NA
stalk deletion (Fig. 2 and 3). The internal gene segments of
those Hunan (clade 2.3.1) and Yunnan (clade 2.4) viruses
maintained monophyletic groups, a finding consistent with
their HA and NA phylogenies.

The internal genes of the 10 Hunan and Yunnan progenitor
viruses also maintained their phylogenetic relationships to
Vietnam and Indonesia isolates, thereby confirming the gene-
sis and transmission pathway of those viruses (Fig. 3A to F).
Phylogenetic analyses also revealed that these progenitor vi-
ruses belonged to H5N1 genotype Z.

Amino acid similarity. In order to evaluate the genetic sim-
ilarity of the Yunnan/Vietnam and Hunan/Indonesia viruses,
we calculated the mean percent similarities of deduced amino
acid sequence for each of the gene segments between these two
groups of viruses (Table 3). The similarities of the HA and the
NA genes were, respectively, 98.1 and 98.9% for Yunnan/
Vietnam and 99.6 and 99.2% for Hunan/Indonesia. The mean
percentage similarity for Yunnan/Vietnam was �99.5% for all
internal genes, while for Hunan/Indonesia the mean percent-
age similarity also was �99.5% for all internal genes except for
the NS gene (98.01%). The extremely high similarities between
these two virus groups confirm that the viruses isolated from
Yunnan and Hunan during 2002 are the likely direct progen-
itors of those clade 1 viruses in Vietnam and clade 2.2 viruses
in Indonesia, respectively.

Molecular characterization. All of the 73 viruses character-
ized were highly pathogenic with variations of the multibasic
cleavage site (PQRERRRKKR/G) in the HA molecule. The
receptor-binding pocket of the HA1 retains amino acid resi-
dues 222-Gln and 224-Gly (H5 numbering used throughout)

Vietnam (red), and Indonesia (red). Scale bar, 0.01 nucleotide substitutions per site. Abbreviations: BHGs, bar-headed goose; BHgull, brown-
headed gull; Ck, chicken; Cu, chukkar; Dk, duck; FJ, Fujian; Gf, Guinea fowl; Gs, goose; GD, Guangdong; GX, Guangxi; GY, Guiyang; HK, Hong
Kong; HN, Hunan; IDN, Indonesia; JX, Jiangxi; Mall, mallard; MDk, migratory duck; MYS, Malaysia; NGA, Nigeria; Pa, partridge; Ph, pheasant;
Qa, quail; QH, Qinghai; SCk, silky chicken; ST, Shantou; THA, Thailand; VNM, Vietnam; WDk, wild duck; YN, Yunnan.

TABLE 3. Amino acid similarity of viruses isolated in southern China and Southeast Asia

Virus region
% Amino acid similaritya

PB2 PB1 PA HA NS NA M NP

Yunnan/Vietnam 99.58 99.45 99.93 98.12 99.11 98.89 99.68 100
Hunan/Indonesia 99.93 100 99.44 99.64 98.01 99.16 100 99.89

a The percent similarity was calculated based on p-distance measurements. For Yunnan/Vietnam, the similarity is based on eight virus isolates from Yunnan and three
virus isolates from Vietnam. For Hunan/Indonesia, the similarity is based on two virus isolates from Hunan and three virus isolates from Indonesia.
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that have been shown to preferentially bind to �-2,3-NeuAcGal
receptors (16, 29, 40). Other amino acid residues relevant to
receptor-binding sites were identical to those of HK/156/97
and Gs/GD-like viruses in most isolates, but with some notable
differences. Most of the progenitor Yunnan viruses character-
ized had an HA Ser129Leu substitution, which had been pre-
viously observed in clade 1 viruses (27), while the Hunan and
Indonesian isolates maintained 129-Ser (Table 4). In the NA
amino acid sequences, all isolates characterized had 274-His,
indicating sensitivity to oseltamivir (33). All eight clade 1 pro-
genitor viruses from Yunnan had both the Leu26Ile and the
Ser31Asn substitutions in the M2 protein (Table 4). These
mutations may confer resistance to the amantadines, and both
are present in all Vietnam clade 1 viruses characterized to

date. No amantadine resistance mutations were observed in
the two Hunan viruses that are progenitors to Indonesian iso-
lates.

DISCUSSION

Our previous study suggested that HPAI H5N1 viruses had
evolved into multiple regionally distinct sublineages in south-
ern China and Southeast Asia (5). The circulation of different
antigenic and genetic sublineages led the World Health Orga-
nization to prepare multiple pandemic vaccine candidates to
deal with this situation (37). Currently, Vietnam (clade 1) and
Indonesian (clade 2.1) H5N1 viruses maintain their antigenic
and genetic traits and always cluster together in phylogenetic
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FIG. 4. Map of southern China showing the provinces under influenza surveillance and wave 1 transmission pathway of H5N1 viruses from
southern China to other Southeast Asian regions.

TABLE 4. Genetic signature of viruses isolated from southern China and Southeast Asiaa

Virus
HA RBSb NAc M2 ion channeld PB2 NS1

129 212 217 274 279 26 27 30 31 34 627 92

Gs/GD S E P H N L V A S G E D
HK/97 S E P H N L V A S G E D
Dk/ST/195/01 S E P H N L V A S G E D
Dk/HN/1386/03 L K S H N L V A S G E D
Clade 1 (HK 02/03) L K S H N L V A S G E D
Dk/YN/1300/03 L K S H N I V A N G E D
Clade 1 (Vietnam) L R S H N I V A N G E D
Dk/HN/23/02 S K S H N L V A S G E D
Dk/HN/782/02 S K S H N L V A S G E D
Clade 2.1 (Indonesia) S/L K S H N L V A S/N G E D

a Changes in amino acids are indicated in boldface.
b RBS, receptor-binding sites (16, 29, 40).
c Changes at these positions confer oseltamivir resistance (33).
d Changes in the M2 ion channel confer amantadine resistance (6, 25).
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analysis (27). The viruses isolated from Europe and Africa
have also not diversified greatly from the original Qinghai-like
variant (2, 9). Although the differences among those regional
sublineages complicate control efforts, they do provide the
opportunity to trace the virus transmission pathways (5, 26).

In the present study, our findings clearly demonstrate a
direct precursor-descendant relationship between Yunnan and
Vietnam (clade 1) and Hunan and Indonesia (clade 2.1) H5N1
viruses. All of the viruses from Hunan and Yunnan were iso-
lated from November 2002 to April 2003, just prior to the onset
of the first major transmission and outbreak wave in Southeast
Asia that was first reported in November 2003 (22). These
results suggest a transmission of H5N1 viruses from Yunnan to
Vietnam and from Hunan to Indonesia.

The results of the antigenic analysis strongly correlated
with the phylogenetic relationships. Molecular characteriza-
tion at the amino acid level showed that the precursor-descen-
dant viruses had almost identical amino acid sequences and
identified consistent residue signatures between Yunnan-Viet-
nam and Hunan-Indonesia H5N1 viruses. For example, the
dual Leu26Ile and Ser31Asn amantadine resistance mutations
in the M2 protein of all Vietnam clade 1 viruses is also present
in the Yunnan precursors (6). This provides evidence that
these amantadine resistance mutations were present as early as
2002 in the viruses that were introduced into Vietnam to form
clade 1, rather than resistance developing in Vietnam.

Since Yunnan shares a 600-km border with Vietnam (Fig. 4),
it is reasonable to suggest that the virus was introduced into
Vietnam through the trade of poultry at the border region.
However, similar virus movement from Guangxi to Vietnam
was observed in 2001 and 2005 and, more recently, with the
Fujian-like variant (clade 2.3.1) (5, 26). Since we did not begin
influenza surveillance in Guangxi until 2004, which also shares
a long border with Vietnam (Fig. 4), we cannot exclude the
possibility that viruses from Guangxi may also be clade 1 pre-
cursors.

The spread and transmission route from Hunan to Indonesia
remains unclear. Our previous study suggested that the Indo-
nesian H5N1 variant (clade 2.1) resulted from a single intro-
duction in 2003, most likely to Java, where ca. 60% of poultry
production in Indonesia is concentrated and where H5N1 out-
breaks were first reported from (27). Java does not share any
border with other countries, and it is approximately 3,600 km
between Hunan and Java, which raises the possibility of virus
transmission via migratory birds. However, since there is a lack
of surveillance data from migratory birds in these regions in
the period preceding the outbreaks, and there is also little
information on poultry trade between China and Indonesia, it
is unlikely that this transmission route can be fully determined.

The HPAI H5N1 viruses have been prevalent in poultry for
11 years in southern China (26, 39). At present, these viruses
are endemic and panzootic in different types of poultry, espe-
cially in aquatic birds in many countries across Asia, Africa,
and Europe (5, 9, 26). Historically, 24 HPAI H5 and H7 out-
breaks have been recorded worldwide (1), but the prevalence
of Gs/GD-like H5N1 variants is the first and only example of
an HPAI virus that has persisted in poultry for an extended
period and spread over such a huge geographical area. The
Gs/GD-like H5N1 virus is also the only HPAI virus that has
undergone such extensive reassortment to generate so many

different variants (5, 13, 22). Interestingly, previous studies
indicate that all of these reassortants have been generated in
China (5, 13, 22). Since many H9N2 and H6N1 variants have
also been simultaneously recognized from southern China, a
reasonable explanation is that the cocirculation of different
subtypes of influenza viruses has promoted reassortment
events (7, 38). However, influenza viruses are broadly preva-
lent in their natural reservoirs, wild aquatic birds, in most of
the H5N1-affected regions (1, 35). Therefore, why the current
H5N1 viruses circulating in other affected regions have not
undergone reassortment with “local” viruses remains a fasci-
nating question.

The continuing endemicity of HPAI H5N1 virus in countries
across three continents has given rise to a persistent and un-
precedented pandemic threat. Our present study, together
with previous reports, has repeatedly demonstrated that the
only way to identify and understand the genesis and transmis-
sion pathways of this infectious agent is through systematic
influenza surveillance (5, 8, 13, 15, 22, 26, 27). More impor-
tantly, systematic influenza surveillance can provide critical
information in determining effective disease control measures.
The successful intervention and control of HPAI H5N1 in
Hong Kong in the last decade provides the best example of
this.
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